Exotic electronic properties of one-dimensional ͑1D͒ electronic systems have attracted great interest, which include charge or spin density wave ͑CDW or SDW͒, triplet superconductivity, and Luttinger liquid ͑LL͒ behavior. 1 While most of the previous studies on 1D systems have been performed on limited types of anisotropic bulk materials, 1 very recently unique surface 1D metallic systems were identified on the flat and vicinal Si͑111͒ surfaces with atomic-scale chain structures induced by In or Au adsorption. [2] [3] [4] These systems featuring nearly half-filled 1D electron bands bring about the possibility of detailed investigation of 1D physical properties in nanoscale and of atomic-scale fabrication of tailored 1D materials systems.
On the vicinal Si͑557͒-Au surface, the observation of spin-charge separation was reported, 3 which was denied from a subsequent study. 5 A Peierls band gap was introduced for an 1D surface state of Si(111)5ϫ2-Au, 4 which was later discussed to be questionable. 4 The In induced 4ϫ1 chain structure on Si͑111͒ exhibits an ideal 1D Fermi surface and a unique temperature-induced periodicity-doubling phase transition. 2 This system was interpreted as an 1D CDW system driven by Peierls instability. Although the atomic structures of the Au-induced 1D chains are uncertain, that of 4 ϫ1-In was determined by a recent x-ray diffraction study. 6 The structure model was then confirmed by three independent ab initio calculations 7, 8 in consistency with the available experiments. 2, 6 However, recently the nature of this phase transition was brought into question from two different points; ͑i͒ the 8 ϫ''2'' ͑or 4ϫ''2''͒ low-temperature ͑LT͒ phase, as studied by x-ray diffraction, does not show any condensation into a well ordered 2D phase against the common wisdom of bulk quasi-1D systems 9 and ͑ii͒ the LT phase was shown to be not perfectly insulating. 10, 11 In order to explain these intriguing properties, the ideas of simple total energy reduction due solely to the lattice relaxation 9 and of an exotic Fermi-toLuttinger liquid transition 10 were introduced. Furthermore, a calculation 8 based on the recent structure model 9 of the LT phase denied the opening of the band gap at Fermi level in contradiction to the original experimental claim.
2 These recent results challenge the present understanding of the 1D metallic system and make it important to clarify the structural and electronic nature of the low-temperature phase further.
In the present Rapid Communication, we investigate in detail the valence-band and core-level photoemission from the RT 4ϫ1 and LT 8ϫ''2'' surfaces of In/Si͑111͒. The questions to be answered are ͑i͒ how the periodicity doubling ͑or 1D CDW͒ is formed at LT, ͑ii͒ what are the band dispersions and the properties of the band gap ͑if any͒ at LT, and ͑iii͒ whether this system exhibits any non-Fermi-liquid behavior. Most parts of the present results are consistent with the fluctuating Peierls transition picture but with some complexities.
The photoemission experiments were performed at the angle-resolved photoemission beam line BL-33 of Max-I synchrotron radiation facility in Sweden. 12 The total energy resolution was set to 35 or 70 meV and ϳ60 meV in the valence band and core-level measurements, respectively. The angular resolution was only moderate to be set to 2°͓ϳ0.05 Å Ϫ1 for in-plane momentum (k ʈ )͔. The single-domain Si(111)4ϫ1-In surface was prepared as reported before. 2 At 70 K, this surface exhibits the so called 8ϫ''2'' ͑or 4 ϫ''2''͒ pattern with clear ϫ2 streaks and also with the 8ϫ superspots, 2 which were thought to indicate the 1D CDW/ PLD ͑periodic lattice distortion͒ along the chains and the extra interchain coupling, 8, 9 respectively.
2
The 4ϫ1-In surface structure determined recently 6-8 has quadruple In atomic rows separated by Si zigzag chains ͑see the inset of Fig. 1͒ . As shown in Fig. 1͑a͒ , the In 4d spectrum of this surface is composed of two well-resolved spinorbit doublets ͑␣ and ␤͒ with an energy shift of 500 Ϯ10 meV. 13 The spectral weight of ␣ averaged over different photon energies and emission angles is 40-50% of the total In 4d intensity. This indicates two different In sites within each chain, which are populated with a ratio close to 1:1. The RT spectrum has notable asymmetry indicating metallic response of surface electrons in consistency with the presence of the metallic surface states. The asymmetry parameters ͑͒ in curve fitting exhibit a large difference be-tween ␣ and ␤, 0.09 and 0.18, respectively. This suggests a very local difference of the metallic electron density between the two different In sites. The site represented by ␤ has more metallic environment as also suggested by the smaller binding energy of ␤. Similar site-dependent electron screening was previously observed for 2D CDW systems.
14 Among the four In atomic rows in a chain, it is likely that the inner two rows have more metallic environment than the outer rows with direct in-plane bonding with Si. The ␣ ͑␤͒ sites can then be assigned to the In atoms of the outer ͑inner͒ two In rows of each chain ͑see the inset of Fig. 1͒ . A recent theoretical calculation confirms this assignment and further reproduces the observed energy separation of ␣ and ␤ almost exactly. 8 The Si 2p core levels at RT ͓Fig. 1͑b͔͒ also have asymmetry with ϭ0.035 and feature two extra components ͑S1 and S2͒ in addition to the bulk contribution B ͓Fig. 1͑b͔͒, which are shifted from B by Ϫ0.27 (S1) and 0.24 eV (S2). At least the S1 component has surface origin, since its intensity is apparently suppressed at a more bulk-sensitive measurement. S1 is thus naturally attributed to the Si atoms of the zigzag chain on the topmost layer.
Upon cooling, core levels exhibit remarkable changes correlated with the phase transition. Most importantly, the ␤ component of In 4d splits into ␤ 1 and ␤ 2 with a splitting of 0.20 eV while ␣ exhibits no dicernible change. ͓Fig. 1͑c͔͒. The split-off component ␤ 2 is not evident in the raw spectra, but the line shape change, i.e., filling the valley between ␣ and ␤ of the RT spectrum, could not be accounted for otherwise. In addition, the asymmetry of ␤ is reduced greatly from 0.17 to 0.11 although that of ␣ does not change. In contrast to In 4d, the changes of Si 2p are only marginal; slight change of the core level shifts from Ϫ0.27 to Ϫ0.23 eV and from 0.23 to 0.15 eV for S1 and S2, respectively, and a reduction of the asymmetric tail, from ϭ0.035 to 0.01 ͓Fig. 1͑d͔͒. The above spectral changes straightforwardly indicate that the phase transition induces only little change in the Si lattice but a significant perturbation to the In rows, especially, only to the inner In rows ͑the site ␤͒. That is, the PLD/CDW along the chains is qualitatively confined on the more metallic inner In rows of each chain. Such wellconfined PLD/CDW might be related to the LT scanning tunneling microscope ͑STM͒ image showing a rather sharp charge-density maximum on the central part of a chain. 2, 15 The recent x-ray diffraction study reported that the PLD is comparable for both In ͑both inner and outer rows͒ and Si surface atoms within an order of ϳ0.5 Å. 9 This LT structure was not energetically favorable in a subsequent calculation, which instead suggested that the PLD of Si atoms is negligible while that of In rows amount to ϳ0.5 Å. 8 In this calculation the inner two In rows undergo an asymmetric distortion and the outer rows exhibit a symmetric dimerization. Thus the present core-level results seem to favor the structure suggested by the theory. However, even that theoretical model fails to reproduce the distinctive splitting of the ␤ components observed: the theory expects the In 4d splitting due to the PLD of 50 and 80 meV for ␣ and ␤, respectively. This discrepancy is not only quantitative but also qualitative since the experiment clearly shows the remarkable difference in the spectral changes of ␣ and ␤. The limitation of the present LT structure models is even more serious when we consider the electronic structure as discussed below and the fact that the models could not reproduce the LT STM image observed. 8 We believe that the significant splitting of the In 4d ␤ component is due to the charge ordering at LT. A similar size of CDW-induced core-level splitting was observed for the well-known 2D CDW systems.
14 Figure 2 shows parts of an extensive series of angleresolved photoemission spectra for the 4ϫ1 and the 8 ϫ''2'' phases taken at a higher resolution than before 2 along the chain direction ͑along ⌫ 3 -⌾ 3 ͒. At RT three metallic surface states ͑m 1 , m 2 , and m 3 ͒ are clearly identified ͑see also Fig. 3͒ . 2 The change upon cooling observed is consistent to the previous report: an overall suppression of spectral weight near Fermi level and the change of the apparent spectral shape extending up to 1 eV from Fermi level. 2 The spectra above 1.0 eV ͑data not shown͒ show perfect match between the RT and LT surfaces. No overall energy shift is observed between RT and LT in valence-band spectra, which is corroborated by core-level spectra with an accuracy of Ϯ10 meV. The change near the Fermi level was previously interpreted as due to the Peierls gap opening but the LT band structure and the size/property of the gap was not clear. Figure 3 shows the dispersions of the three metallic states at RT and 70 K. The overall band structures at RT and LT are essentially identical except for the region very close to Fermi level. The apparent change of spectra shown in Fig. 2 is thus thought to be not due to the formation of new bands at LT but to the change of the k-resolved photoemission matrix elements. Such matrix element changes, which redistribute the angle-resolved photoemission intensities, may be related to the change of the symmetry of surface state wave functions induced by the symmetry-breaking phase transition. 
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due to its weak intensity. Those changes near Fermi level are consistent with the opening of the band gaps and the folding of the bands. The intensity of the folded bands is very weak and decaying as observed commonly for CDW related systems. 16 The details of the gaps can further be elucidated by higher-resolution measurements at the RT Fermi-level crossings. Figure 4 shows the higher-resolution spectra at two such k points where m 2 and m 3 cross Fermi level. The leading edges of the m 2 and m 3 peaks shift away from Fermi level by 75Ϯ20 and 40Ϯ5 meV, respectively. Assuming a symmetric gap, the size of the gaps is estimated to be 150 Ϯ40 and 80Ϯ10 meV for m 2 and m 3 , respectively. What is interesting is that even at 70 K, the m 2 and m 3 states have remaining intensity at Fermi level, roughly half of that at RT, indicating the pseudogap nature. This is consistent not only with the partial reduction of the asymmetry of the core levels shown above but also with the partial reduction of the metallic tail of the electron energy loss spectra at LT. 11 The LT phase at least at 70 K is still not perfectly insulating although the density of states at Fermi level is significantly reduced. Contradictorily, the recent calculation based on the LT structure model does not indicate any band gap opening. 8 The limitation of the LT structure models 8, 9 in reproducing the In 4d core-level splitting, the STM images, and the band gap is in clear contrast to the success of the RT structure model in explaining most of the available experimental data. 6, 7 The present discrepancy for the LT phase may be explained in two different ways: ͑i͒ the present structure model is far from the true LT structure or ͑ii͒ the present theory could not properly include the CDW of the LT phase. Considering the fact that the CDW would sensitively affect the In 4d core level, the STM image and the density of states at Fermi level, the latter explanation sounds plausible. Within the CDW idea, the remaining intensity at the Fermi level is understood in terms of ͑i͒ the intrinsic fluctuation of a 1D CDW system 17, 18 or ͑ii͒ the pinning of the metallic domains by defects. Supporting the second idea, a recent STM study showed that a very low density of defects can drive the surface metallic locally or globally. 15 The extrinsic CDW fluctuation due to defects was also shown for a 2D system of Sn/Ge͑111͒. 19 A recent photoemission study on 4 ϫ1-In also reported the formation of gaps for m 2 and m 3 . 20 This study, however, gave quantitatively as well as qualita- tively different information on the LT band structure, except for the existence of the band gaps themselves; ͑i͒ the whole band dispersions were shown to shift rigidly by 100-200 meV to high binding energy at LT, ͑ii͒ the leading edge shift associated with the gap opening were significantly bigger than the present ones, similar in size with the rigid shift, and ͑iii͒ the spectral shapes near Fermi energy at LT were ill defined with even certain structures above the leading edge. 20 These results are not consistent to the present and previous 2 photoemission studies and are in contradiction to the CDW idea even within the fluctuating CDW scheme introduced here. While any conclusive comment against this result is premature, we suspect that the rigid shift and the large band gap observed could be related to artifacts such as surface photovoltaic effects and surface contamination at LT.
The high-resolution data in Fig. 4 also exclude the possibility of LL behavior 10 for both RT and LT phase. This is because the quasiparticle of LL should have vanishing density of states at the Fermi level, which is obviously not the case in Figs. 4͑a͒ and 4͑b͒ . 21 The possibility of LL behavior was also examined in the k-integrated density of states. The k-resolved spectra was integrated over a full span of a Surface Brillouin Zone ͑SBZ͒, separately for the first and the third SBZ. Such angle-integrated spectrum at RT matches perfectly with the Fermi edge spectra of a normal metal Ta. The LT angle-integrated ͑and also angle-resolved͒ data also show that it cannot be fitted with the power law lines with vanishing intensity at the Fermi level, which is a characteristic feature of LL. 21 As presented above, most of the photoemission data are consistent to an 1D CDW phase transition with intrinsic or extrinsic fluctuations at LT along with the results of STM, 2, 15 electron-energy loss spectroscopy, 11 and the surface conductivity measurement. 15 However, there still remain important questions to be studied. At first, it is not clear why both of the two metallic states show the gap opening although the exact nesting occurs only for m 3 . 2, 20 The present system may correspond to an 1D CDW system with two ''competing'' 1D metallic bands ͑m 2 and m 3 ͒. 20, 22 Note that the Fermi-level crossings of m 2 and m 3 are very close. 2 The other issue is the nature and the role of the interchain interaction ͑as evident by the 8ϫorder͒ in forming the LT ground state, which does not condense even at 20 K. 9 The interchain interaction is suggested to be quite weak and to occur in various forms by the recent theory 8 and indeed a recent STM study showed a variety of interchain couplings at 70 K. 15 The third issue is why the present system does not show the LL behavior irrespective of its ideal 1D electronic bands and Fermi surface as recently debated for bulk 1D system of Li 0.9 Mo 6 O 17 . 23 Further study is highly requested for the above questions, which would definitely broaden our understanding of the lowdimensional electronic properties.
